The glassy-winged sharpshooter is an invasive insect capable of transmitting the bacterial pathogen Xylella fastidiosa. Pre-oviposition periods of laboratory-reared glassy-winged sharpshooters are variable. Here, two questions were addressed: does nymphal diet affect pre-oviposition period and how do allocation patterns of resources differ for females that produce eggs versus females that do not? Nymphs were reared on one of three host plant species: cowpea, sunflower, or sorghum. Half of the females were sacrificed at emergence. The remaining adult females were held on cowpea, a host plant species known to support egg maturation via adult feeding. Females were sacrificed on the day of first oviposition or after 9 wk if no eggs were deposited. Females reared as nymphs on sorghum had longer development times and were smaller (head capsule width and hind tibia length) than females reared as nymphs on cowpea and sunflower. However, nymphal diet did not affect percentage of dry weight that was lipid at emergence. Further, nymphal diet did not affect time to deposition of the first egg mass or total number of eggs matured at the time of first oviposition. Egg production reduced the allocation of resources to insect bodies, with body lipid content decreasing with increasing egg production. In general, females increased wet weight 1.4-fold during the first week after adult emergence, with wet weights plateauing over the remaining 9 wk that adults were monitored. Thus, it seems reasonable to hypothesize that resources required for egg production were acquired via adult feeding during the first week after adult emergence.
Insects may allocate nutritional resources to survival or reproduction (Jervis et al. 2008 , Boggs 2009 , with resources used immediately or stored for future use (Boggs 2009 ). Studies on allocation of resources to reproduction have largely focused on holometabolous insects (Boggs 1997; Casa et al. 2005; Jervis et al. 2007 Jervis et al. , 2008 . By comparison, studies on allocation of resources to reproduction by hemimetabolous insects are less common (Sisterson 2014) . The paucity of data concerning resource allocation in hemimetabolous insects is problematic, as most insect vectors of plant pathogens are hemimetabolous belonging to the order Hemiptera (Weintraub and Beanland 2006, Hogenhout et al. 2008) . As rates of pathogen spread are a function of vector abundance, a better understanding of allocation of resources to life history functions in hemimetabolous insects may improve the ability to predict population dynamics of hemipteran pests that transmit plant pathogens (Sisterson and Stenger 2016) .
The bacterial pathogen Xylella fastidiosa Wells et al. is a worldwide threat (Almeida and Nunney 2015) . A wide range of diseases are caused by X. fastidiosa including Pierce's disease of grapevine, almond leaf scorch disease, citrus variegated chlorosis, and olive quick decline (Hopkins and Purcell 2002, Saponari et al. 2017) . Key vector species vary with crop and geographic location . As X. fastidiosa is a xylem-limited pathogen (Hopkins 1989) , all known vectors feed on xylem sap (Redak et al. 2004 ). Vectors of X. fastidiosa belong to the order Hemiptera and include members of the families Cicadellidae, Cercopidae, and Aphrophoridae (Redak et al. 2004 , Saponari et al. 2014 ). In the United States, one of the principal vectors of X. fastidiosa is the glassy-winged sharpshooter (Homalodisca vitripennis (Germar) (Hemiptera: Cicadellidae)). The glassy-winged sharpshooter is native to the southeastern United States and northeastern Mexico, and in the last 40 years has expanded its range to include the western United States, Hawaii, and French Polynesia (Sorensen and Gill 1996 , Grandgirard et al. 2006 , Stenger et al. 2010 The glassy-winged sharpshooter is polyphagous and consumes xylem sap from a wide range of plant species (Hoddle et al. 2003) . Females emerge as adults without mature eggs (Sisterson 2008) , and adult feeding is required to produce mature eggs (Sisterson 2012) .
Pre-oviposition periods of Cicadellids are typically <2 wk (e.g., Valle et al. 1986, Meyerdirk and Moratorio 1987) . However, laboratory-reared glassy-winged sharpshooters often display long pre-oviposition periods. For example, Sisterson (2008) observed that 19% of laboratory-reared females deposited eggs within 40 d of emergence, 37% of females did not deposit eggs until >40 d after adult emergence, and 44% never deposited eggs despite an average adult lifespan of 107 d. Krugner (2010) observed pre-oviposition periods of laboratory-reared glassy-winged sharpshooters that ranged from 9 to 279 d. Pilkington et al. (2014) observed average pre-oviposition periods of 34, 104, and 34 d for females held at 20, 25, and 30°C, respectively. Observation of long pre-oviposition periods suggests two questions: what causes such variation in pre-oviposition period and how does resource allocation differ for females that have short pre-oviposition periods compared to females with long pre-oviposition periods?
Egg maturation rates of field-collected glassy-winged sharpshooters vary with plant species (Sisterson 2012) . For example, egg maturation rates of females held on cowpea (Vigna unguiculata (L.) (Fabales: Fabaceae)) were greater than egg maturation rates of females held on sorghum (Sorghum bicolor (L.) (Poales: Poaceae)), sunflower (Helianthus annuus L. (Asterales: Asteraceae)), and grapevine (Vitis vinifera L. (Vitales: Vitaceae)) (Sisterson 2012 (Sisterson , 2014 Sisterson et al. 2017 Sisterson et al. , 2018 . Females held on cowpea initially diverted incoming resources to increasing body lipid content and body dry weight prior to diverting resources to egg production (Sisterson et al. 2015 ). In contrast, females provided with grapevine or sunflower as feeding plants did not increase body lipid content or body dry weight and, as a result, produced few mature eggs (Sisterson et al. 2017 (Sisterson et al. , 2018 . Using residuals from a regression of mass on size as an estimate of body lipid content, Sisterson et al. (2018) found that females with high estimated lipid content were more likely to produce eggs during subsequent feeding assays than females with low estimated lipid content.
As egg production in the glassy-winged sharpshooter is preceded by an accumulation of lipid in the body and an increase in dry weight (Sisterson et al. 2015) , nutritional status of females at emergence may affect length of the pre-oviposition period. In this study, effects of nymphal diet on timing of glassy-winged sharpshooter egg production were evaluated. In particular, effects of nymphal diet on development time, size at emergence, quantity of stored lipids at emergence, and length of pre-oviposition period were evaluated. In addition, allocation of resources was compared for females that produced eggs to females that did not produce eggs during the course of the study.
Materials and Methods

Plants
Three plants species were used for nymphal rearing: cowpea (cv 'black eye'), sunflower (cv 'Russian mammoth'), and sorghum (cv 'RTX7000'). Cowpea, sunflower, and sorghum were selected for this study as previous studies demonstrated that adult performance differs on these plants (Sisterson 2012 (Sisterson , 2014 Sisterson et al. 2017) . Accordingly, it is likely that nymphal performance will also vary on cowpea, sunflower, and sorghum. All plants were grown in 0.5-liter pots using Sunshine Soil Mix 1 (Sun Gro Horticulture, Bellevue, WA) and fertilized with 5 ml of Osmocote 14-14-14 slow release fertilizer (Scotts, Marysville, OH) at planting. Plants were 3-6 wk old at the time of use.
Insects
Experiments were initiated with nymphs collected on the day of egg hatch. For the first test date, eggs were collected from red-tipped photinia (Photinia fraseri Dress (Rosales: Rosaceae)) at an urban site in Kern County, CA between 8 and 25 of March 2016. Eggs were returned to the laboratory and held in Petri dishes lined with a damp paper towel to prevent desiccation. For the second test date, adults were collected from citrus in Kern County, CA on 30 June 2016 and returned to the laboratory. Adults were caged and provided cowpea, sorghum, and Euonymus japonicus Thunb. (Celastrales: Celastraceae) as feeding and oviposition hosts. Plants with egg masses were removed from cages and egg masses monitored daily for egg hatch.
Nymphal Rearing
On egg hatch, 5 nymphs were placed in a tube cage (diameter = 9 cm; height = 40 cm) containing one of the three host plant species (cowpea, sunflower, or sorghum) . Nymphs were moved to a new plant of the same species every 2-3 wk to maintain plant quality. Plants were monitored daily for adult emergence. Newly emerged adults were placed into pre-weighed 1.5 ml tubes to obtain a wet weight at emergence. Development time and gender were recorded. Twenty-one replicates were set up on the first test date (eggs hatched between 18 March and 2 April 2016) and 14 replicates were set up on the second test date (eggs hatched between 8 and 22 July 2016). Nymphs and adults were held at 27°C with a photoperiod of 14:10 (L:D) h.
Adults
All males were sacrificed on the day of adult emergence. Newly emerged females were randomly assigned to one of two groups. One group was sacrificed at the time of adult emergence to provide estimates of female status at emergence. The other half of females were caged individually on cowpea plants to quantify time to deposition of the first egg mass. All females were held on the same host plant species, so that differences in pre-oviposition period could be attributed to nymphal diet and not to adult diet. Cowpea was selected as the adult holding plant as cowpea is known to support high levels of egg maturation in the glassy-winged sharpshooter (Sisterson 2012 , Sisterson et al. 2017 . Females were held without males, as virgin females are known to produce and deposit mature eggs (Krugner 2014) and that females appear to be more receptive to mating after egg production has begun . Females placed on cowpea plants were monitored daily to determine if eggs had been deposited. Plants were pruned as needed to ensure that all leaf surfaces were visible so that time to first egg deposition could be determined. If eggs were deposited, number of eggs deposited was counted and the female sacrificed. Females were held for a maximum of 9 wk on cowpea plants with plants changed every 3 wk to maintain plant quality. Wet weights of females were obtained weekly by placing females in pre-weighed 1.5-ml tubes. If no eggs were deposited by the end of 9 wk, females were sacrificed.
Size Measurements, Egg Load, Dry Weights, and Lipid Quantification
To determine insect size, hind tibia length and head capsule width (measured as the distance between the anterior base of the eyes) of each insect was determined. To combine hind tibia length and head capsule width into a single metric, the measures were multiplied. Finally, to place the resulting value on an easily interpretable scale, the metric was divided by the largest observed value (largest head capsule width × largest hind tibia length = 3.1 × 4.7 = 14.57). Thus, size was presented on a proportional scale, with a value of 1 representing the largest possible female. For some analyses, females were placed into size categories based on quartiles. Specifically, small females were in the first quartile (<0.70), medium females in the second quartile (≥0.70 and < 0.74), large females in the third quartile (≥0.74 and < 0.79), and extra-large females in the fourth quartile (≥0.79).
After taking size measurements, females were transferred to clean 1.5-ml ceramic wells and dissected to determine the number of mature eggs present in the abdomen using the methods of Sisterson et al. (2015) . As females that deposited eggs were sacrificed on day of first oviposition, egg load for females that deposited eggs was sum of number of eggs deposited and number of eggs present in the abdomen. After counting mature eggs, eggs and bodies were placed in separate pre-weighed 1.5-ml tubes. Tubes were placed into an incubator and held at 60°C for 72 h. Dry weights of bodies and dissected eggs were obtained by weighing tubes after drying and subtracting tube weight. For females that deposited eggs, total dry weight of eggs was the sum of the dry weight of dissected eggs plus the estimated dry weight of eggs that were deposited. Dry weights of deposited eggs were estimated by multiplying the number of eggs deposited by the average dry weight of one egg (0.118 mg). Finally, lipid content of insect bodies and eggs was determined using the vanillin assay (Foray et al. 2012 ) that was adapted for glassy-winged sharpshooter (Sisterson et al. 2015 (Sisterson et al. , 2017 (Sisterson et al. , 2018 . For females that deposited eggs, total egg lipid was the sum of lipid quantified in eggs dissected plus the estimated lipid content of eggs that were deposited. Lipid content of deposited eggs was estimated by multiplying the number of eggs deposited by the average lipid content of 1 egg (0.026 mg).
Analyses
All analyses were completed using JMP stats (SAS, Cary, NC). ANOVA was used to test effects of nymphal diet, test date, and the interaction of nymphal diet and test date on survival, development time, size at emergence, and dry weight at emergence. Effects of test date and interaction terms were reported only if significant. ANOVA also was used to compare dry weight and lipid content among females at emergence (referred to as 'emergence'), females that produced eggs during the 9-wk adult holding period (referred to as 'with eggs'), and females that did not produce eggs during the 9-wk adult holding period (referred to as 'no eggs'). For the latter analysis, effects of test date, nymphal diet, and all interaction terms were included in the statistical model. Following ANOVA analyses, Tukey's HSD was used to assess differences among treatments. Finally, multiple regression was used to assess relationships between development time and size, egg production and allocation of resources to the body, and egg production and percentage of total weight that was egg. Effects of test date and size were included as covariates in multiple regression models where appropriate. As with ANOVA analyses, interaction effects were evaluated in multiple regression analyses and reported if significant.
Results
Effects of Nymphal Diet on Survival
Nymphal diet had a significant effect on survival to the adult stage (F = 5.1, df = 2, 100, P = 0.008) with a significant test date by nymphal diet interaction ( Fig. 1A ; F = 3.1, df = 2, 100, P = 0.05). The percentage of nymphs that survived to the adult stage was similar for all host plant by test date combinations, except for insects reared on sorghum which had lower survival on the first test date (Fig. 1A) . Across nymphal diets and test dates, mean (±SE) survival was 75.8 ± 2.4%. Nymphal diet did not affect percentage of insects that were female ( Fig. 1B , F = 0.3, df = 2, 98, P = 0.74). Across all nymphal diet by test date combinations, mean (±SE) percentage of females was 50.8 ± 2.5%.
Nymphal Diet Affected Development Time
Development time of females was affected by nymphal diet (F = 190.4, df = 2, 190 , P < 0.0001), test date (F = 4.0, df = 1, 190, P = 0.05), and the interaction between test date and nymphal diet (F = 3.3, df = 2, 190, P = 0.04). On the first test date, development time of females differed for all three host plants, with females developing fastest on cowpea, slowest on sorghum, and intermediate on sunflower ( Fig. 2A) . On the second test date, development times of females provided with cowpea and sunflower were similar, with slower development times observed for females on sorghum ( Fig. 2B) .
Development time of males was affected by nymphal diet (F = 153.9, df = 2, 199, P < 0.0001) and the interaction between nymphal diet and test date (F = 5.3, df = 2, 199, P = 0.006). As was observed for females, development times of males differed significantly for all three nymphal diets on the first test date (Fig. 2C ). Specifically, males had the shortest development times on cowpea, the longest development times on sorghum, and intermediate development times on sunflower. On the second test date, development times of males did not differ for males provided with cowpea or sunflower, with slower development times observed for males on sorghum ( Fig. 2D ).
Males Often Emerged First
Across cohorts, mean development times of males and females did not differ significantly on cowpea (Fig. 2 , F = 0.74, df = 1, 145, P = 0.39), but males did emerge significantly earlier than females on sunflower (F = 12.8, df = 1, 139, P = 0.0005). Across cohorts held on sorghum, there was no main effect of gender on development time (F = 2.12, df = 1, 107, P = 0.15), but there was a significant test date by gender interaction (F = 5.1, df = 1, 107, P = 0.03). Across cohorts on sorghum females took longer to develop than males on the first test date, with males and females having similar development times on the second test date. While effects of gender on development time across cohorts was inconsistent, the first insect to emerge as an adult within each cohort of 5 insects per nymphal rearing plant was disproportionately male (Fig. 3 , cowpea: χ 2 = 12.3, df = 1, P = 0.005; sunflower: χ 2 = 17.6, df = 1, P < 0.0001; sorghum: χ 2 = 6.2, df = 1, P = 0.01).
Nymphal Diet Affected Size and Dry Weight at Emergence but not Lipid Percentage
Nymphal diet affected adult size of females ( Fig. 4A , F = 56.1, df = 2, 191, P < 0.0001) and males ( Fig. 4C , F = 58.1, df = 2, 201, P < 0.0001). For both males and females, individuals provided with cowpea were largest followed by sunflower and sorghum ( Fig. 4A and C). Across all three nymphal diets, females were larger than males ( Fig. 4A and C; cowpea: F = 144.8, df = 1, 144, P < 0.0001; sunflower: F = 139.7, df = 1, 139, P < 0.0001; sorghum: F = 79.3, df = 1, 108, P < 0.0001). Nymphal diet significantly affected dry weight of females at emergence (Fig. 4B , F = 21.2, df = 2, 92, P < 0.0001), with heavier females observed on the second test date compared to the first test date (mean [±SE] dry weight first test date: 9.04 ± 0.19 mg, mean dry weight second test date: 9.91 ± 0.22 mg; F = 8.5, df = 1, 92, P = 0.005). Similarly, nymphal diet significantly affected dry weight of males at emergence (Fig. 4D , F = 89.8, df = 2, 201, P < 0.0001), with heavier males observed on the second test date compared to the first test date (mean [±SE] dry weight first test date: 7.2 ± 0.11 mg, mean dry weight second test date: 8.1 ± 0.13 mg; F = 30.1, df = 1, 201, P < 0.0001). Within gender, the heaviest individuals were reared on cowpea followed by sunflower and sorghum.
The percentage of total dry weight that was lipid (100*[total lipid ÷ total dry weight]) was not affected by nymphal diet (F = 2.25, df = 3, 91, P = 0.09). Specifically, the mean (±SE) percentage of total dry weight that was lipid at emergence was 20.3 ± 1.0, 20.9 ± 0.97, and 20.0 ± 1.12 for females reared on cowpea, sunflower, and sorghum, respectively.
Longer Development Times Were Associated With a Decrease in Male and Female Size
Across nymphal diets, female size decreased as development time increased ( Fig. 5A ; F = 135.4, df = 1, 191, P < 0.0001). Likewise, male size deceased as development time increased ( Fig. 5B ; F = 170.3, df = 1, 201, P < 0.0001), with a significant test date by development time interaction (F = 6.8, df = 1, 201, P = 0.01).
Wet Weight of Females Increased by an Average of 40% During the First Week After Emergence
Females increased wet weight after emergence by an average of 40% over the first week after adult emergence, with wet weights plateauing over the remainder of the 9-wk adult holding period (Fig. 6 ). Females reared on cowpea that produced eggs during the 9-wk adult holding period were significantly heavier at emergence (Fig. 6A , F = 7.07, df = 1, 29, P = 0.01) and larger (F = 4.83, df = 1, 29, P = 0.04; mean [±SE] size of females in 'with eggs' group = 0.79 ± 0.01, mean [±SE] size of females in the 'no eggs' group = 0.75 ± 0.01) than females that did not produce eggs during the 9-wk adult holding period (Fig. 6A ). For females reared on sunflower and sorghum, there was no difference in wet weight at emergence ( Fig. 6B and C; sunflower: F = 0.40, df = 1, 32, P = 0.53; sorghum: F = 0.50, df = 1, 27, P = 0.48) or size (sunflower: F = 0.11, df = 1, 32, P = 0.75; sorghum: F = 0.29, df = 1, 27, P = 0.60) of females that did or did not produce eggs during the 9-wk adult holding period.
Nymphal Diet Did Not Affect Percentage of Females Depositing Eggs, Number of Eggs Produced, or Timing of Egg Production
Logistic regression determined that nymphal diet did not affect the probability that a female would develop eggs during the 9-wk adult holding period ( Fig. 7A ; whole model: χ 2 = 6.44, df = 5, P = 0.27). Similarly, comparison of the number of eggs produced by females that had eggs, also found that nymphal diet did not affect number of eggs produced (Fig. 7B , F = 2.1, df = 2, 55, P = 0.13) or average time to oviposition (Fig. 7C , F = 0.10, df = 2, 49, P = 0.90).
Females That Did Not Produce Eggs Accumulated High Levels of Lipid
The experimental design allowed for comparing allocation of resources among females at emergence, females that deposited eggs during the 9-wk adult holding period (with eggs), and females that did not produce eggs during the 9-wk adult holding period (no eggs). Dry weight was significantly affected by test date, nymphal diet, egg status category (emergence, with eggs, no eggs), and the interaction of nymphal diet with egg status category (Table 1) . Specifically, across nymphal diets females in the 'with eggs' and 'no eggs' categories were on average 2.9 times heavier than females at emergence ( Fig. 8A, C , and E). Comparison of total weight (body weight plus egg weight), was similar for females in the 'with eggs' and 'no eggs' categories ( Fig. 8A, C, and E) .
Lipid content of females was affected by test date, nymphal diet, egg status category, the test date by egg status category interaction and the three-way interaction between test date, nymphal diet, and egg status category (Table 1) . Females in the 'no eggs' category consistently had the largest lipid accumulation, with females in the 'no eggs' category possessing 5.1 times as much lipid as females at emergence (Fig. 8B, D, and F) . Females in the 'with eggs' category also possessed more lipid than females at emergence, but the quantity of lipid varied with test date (Fig. 8B, D, and F) . On the first test date, lipid content of females in the 'with eggs' category was intermediate between females at emergence and females 6 . Mean (±SE) wet weight of females taken at emergence (week 0) and weekly during the course of the 9-wk adult holding period. Results for females reared on cowpea (A), sunflower (B), and sorghum (C). All adults were held on cowpea. Results are separated for females that produced eggs over the 9-wk adult holding period (with eggs) and females that did not produce eggs (no eggs).
in the 'no eggs' category. In contrast, lipid content of females in the 'with eggs' category was similar to the 'no eggs' category on the second test date.
Allocation of Resources to Eggs Resulted in a Decrease in Dry Weight and Lipid Content of Glassy-Winged Sharpshooter Bodies
For females with eggs, dry body weight significantly declined as egg production increased (Fig. 9A, F = 37 .1, df = 1, 57, P < 0.0001), with significant effects of test date (F = 16.1, df = 1, 57, P = 0.0002) and size (F = 44.1, df = 1, 57, P < 0.0001). Similar to patterns observed with dry weight, body lipid content significantly declined as egg production increased (Fig. 9B, F = 25 .9, df = 1, 57, P < 0.0001), with significant effects of test date (F = 25.0, df = 1, 57, P < 0.0001) and size (F = 4.0, df = 1, 57, P = 0.05). Accordingly, allocation of resources to eggs resulted in a decrease in allocation of resources to the body.
Egg Weight Made Up a Larger Percentage of Total Weight in Smaller Females Than in Large Females
The percentage of a females total weight that was egg (100*[egg load weight ÷ total weight]) was affected by egg load (F = 379.5 df, 1, 53, P < 0.0001), size group (F = 8.7, df = 3, 53, P < 0.0001), and the interaction between size group and egg load (F = 3.7, df = 3, 53, P = 0.02). Accordingly, the slope of the relationship between egg load and percentage of total weight that was egg was greater for smaller females than for larger females (Fig. 10A) . Given the aforementioned relationship (Fig. 10A) , a similar analysis examining effects of nymphal diet on the relationship between egg load and percentage of total weight that was egg resulted in significant effects of egg load (F = 342.9, df = 1, 55, P < 0.0001), nymphal diet (F = 14.0, df = 2, 55, P < 0.0001), and the interaction between nymphal diet and egg load (F = 6.0, df = 2, 55, P = 0.004). Specifically, the slope of the relationship between egg load and percentage of weight that was egg was greatest for females reared on sorghum and lowest for females reared on cowpea (Fig. 10B ).
Discussion
Laboratory-reared glassy-winged sharpshooters often display long pre-oviposition periods (Sisterson 2014) . Similar to Chen et al. (2010) , nymphal diet affected development time (Fig. 2) and size at emergence ( Fig. 4A and C) . After emergence, all adult females were held on cowpea, a host plant species known to support high rates of egg maturation (Sisterson 2012) . Nymphal diet did not affect time to deposition of the first egg mass (Fig. 7C ) or total quantity of mature eggs at the time of first oviposition (Fig. 7B) . Thus, nymphal diet did not affect the length of the pre-oviposition period. Wet weights of females increased 1.4-fold over the first week after adult emergence, regardless of nymphal diet (Fig. 6) . As wet weights plateaued over the following 8 wk, it seems reasonable to hypothesize that the resources required for egg production were gained by adult females during that initial period of rapid weight gain.
Total dry weights (body and eggs) were similar for females that did and did not produce eggs over the 9-wk adult holding period (Fig. 8A, C, E) . Likewise, total lipid content (body and eggs) was similar for females that did and did not produce eggs over the 9-wk holding period during the second test date (Fig. 8B, D, F) , although total lipid content of females that produced eggs was intermediate between females at emergence and females that did not produce eggs on the first test date (Fig. 8B, D, F) . Thus, total resource availability was similar for females in the no eggs and with eggs categories. However, allocation of resources differed for females in the no eggs and with eggs categories. For females with eggs, investment of resources into egg production resulted in a Fig. 7 . Effects of nymphal diet on (A) percentage of females depositing eggs, (B) histogram of total number of eggs (deposited + carried) for females that produced eggs, and (C) histogram of days to first oviposition for females that produced eggs. In panels B and C, arrows denote means where CP = cowpea, SF = sunflower, and SG = sorghum. Different letters above plant descriptors indicate significant differences. decrease in dry weight and lipid content of female bodies (Fig. 9) . Specifically, females that produced few eggs had body weights and body lipid contents similar to females that did not produce eggs. In contrast, body weights of females that produced the greatest number of eggs (84 eggs) were reduced by 39% compared to females without eggs ( Fig. 9A ) and body lipid contents of females that produced the greatest number of eggs (84 eggs) were reduced by 72% compared to females without eggs (Fig. 9B ). The observation that egg production is associated with a depletion of resources in insect bodies indicates that females will require additional rounds of feeding to produce mature eggs once all available eggs are deposited.
The glassy-winged sharpshooter has a broad host range (Hoddle et al. 2003) , but does display dietary and ovipositional preferences with no apparent link between oviposition preference and offspring performance (Brodbeck et al. 2007) . Results from this study and those from Sisterson (2012) can be used to further support the observations of Brodbeck et al. (2007) . Specifically, females reared on sorghum were smaller ( Fig. 4A and C) and had longer development times than females reared on sunflower or cowpea (Fig. 2) . Poor development on sorghum may be due to lower nutritional value of sorghum xylem sap or due to greater difficulty feeding on sorghum as it is a monocot. Regardless, in ovipositional choice tests using cowpea, sunflower, and sorghum, Sisterson (2012) found that females deposited the greatest number of eggs on sorghum. Results from this study provide additional insight into why female ovipositional preference may not be linked to offspring performance.
Results of this study suggest two possible costs associated with development on a suboptimal host. First, females reared on sorghum were smaller than females reared on cowpea and sunflower (Fig. 4A) . Second, development times of females were generally longer on sorghum than on cowpea and sunflower ( Fig. 2A and B) . Across insect species, there is a general trend towards decreasing size with increasing development time (Teder et al. 2014) . Accordingly, costs of small size and longer development may not be independent (Fig. 5) . Nonetheless, costs associated with longer development times are likely to be represented by greater mortality during the nymphal stage. If the daily risk of predation is consistent across time, longer development times should result in fewer insects surviving to become adults.
For females, costs associated with small size may come from two sources. First, smaller females have proportionally smaller abdomens than larger females, which may limit the number of eggs that may be held in the abdomen at any one time. In this study, the greatest number of eggs produced by a female reared on sorghum was 54 (Fig. 7B) . In contrast, the greatest number of eggs produced by females on cowpea and sunflower was 84, with 34% of females on cowpea and sunflower producing >54 eggs (Fig. 7B ). Lower maximum egg loads observed for females on sorghum may have been due to space limitations associated with a smaller abdomen. The aforementioned assumes that egg size does not decrease with female size. To evaluate this assumption, a regression of the average dry weight of one egg (egg weight ÷ number of eggs) against female size was completed. While the regression line suggested a trend for a decrease in the average dry weight of one egg with female size, the relationship was not significant (F = 2.02, df = 1, 58, P = 0.16). The second cost of small size may be represented by a decrease in flight efficiency associated with carrying eggs. Flight performance in insects is correlated with ratio of thorax weight (flight muscles) to abdominal weight (Marden 1987) , with abdominal weight affected by egg load. As larger females are likely to have larger flight muscles than smaller females, the ratio of thorax weight to abdominal weight is likely to be greater at all egg loads for small females compared to large females. While thorax and abdominal weights were not directly assessed in this study, an interaction between egg load and size on percentage of total weight that was egg was observed ( Fig. 10) . Accordingly, the fraction of total weight that was egg increased more rapidly for small females than for large females (Fig. 10) .
While small size and longer development time may be associated with some costs, it is possible that the costs associated with small size or long development time could be offset by other factors. First, sites for egg deposition may be selected that confer higher survival during the egg stage. Egg parasitism rates of the glassy-winged sharpshooter often exceed 90% (Krugner et al. 2009, Lytle and Morse 2012) , suggesting that there may be strong selection for depositing eggs on host plant species associated with low parasitism rates. There is some evidence suggesting that host plant species may affect egg parasitism rates. Krugner et al. (2008) found that the ability of the egg parasitoid Cosmocomoidea (formerly Gonatocerus) ashmeadi Girault (Hymenoptera: Mymaridae) to differentiate between plants with and without egg masses depended on host plant species. Finally, small size may only have minor impacts on lifetime fecundity. For example, Krugner (2010) found no relationship between female size (as measured by hind tibia length) and lifetime fecundity. Even if small females produce fewer eggs per cycle, a reduction in number of eggs per cycle could be offset by longer adult lifespans or access to higher quality adult feeding plants. Category refers to females at emergence, females that produced eggs over the 9-wk holding period (with eggs), and females that did not produce eggs over the 9-wk holding period (no eggs). All adults were held on cowpea.
In this study, all adult females were held on cowpea; a host plant known to contribute to high rates of egg maturation (Sisterson 2012) . The rationale behind moving all females to the same host plant species as adults was to isolate the effect of nymphal diet. Previous tests using cowpea, sunflower, and sorghum as adult feeding plants demonstrated that egg maturation rates were highest on cowpea and marginal on sunflower and sorghum (Sisterson 2012 (Sisterson , 2014 Sisterson et al. 2017) . Accordingly, it is likely that an effect of host plant species would have been observed if females were held on the same host plant species as adults as they were as nymphs. For example, Chen et al. (2010) compared egg production of females held on sunflower or chrysanthemum (Chrysanthemum morifolium L. (Asterales: Asteraceae)) during the nymphal and adult stages and observed considerable differences in fecundity.
In this study, 39% of females held for 9 wk did not produce eggs. At the end of 9 wk, females that did not produce eggs stored a considerable amount of lipid (Fig. 8B, D, and F) . Specifically, lipid content of females that did not produce eggs over the 9-wk holding period was 5.1-fold greater than lipid content of females at emergence. Results of this study may be used to exclude the hypothesis that nymphal diet affects pre-oviposition period. However, the question as to why a considerable number of females delay Fig. 8 . Dry weight and lipid content of females at emergence, females that deposited eggs (with eggs), and females that did not produce eggs over the 9-wk adult holding period (no eggs). Dry weight (A) and lipid content (B) of females reared on cowpea. Dry weight (C) and lipid content (D) of females reared on sunflower. Dry weight (E) and lipid content (F) of females reared on sorghum. All adults were held on cowpea. Hashed portions of bars for females with eggs indicates dry weight or lipid content of eggs. Within panels, letters above bars indicate significant differences (Tukey's HSD).
reproductive maturity in favor of storing large quantities of lipid remains unresolved. There are several hypotheses that may be considered. First, glassy-winged sharpshooters overwinter as adults that are usually not reproductively active (Hummel et al. 2006 , Sisterson 2008 ). Accordingly, it is possible that laboratory conditions induce reproductive diapause in a manner similar to what is observed in overwintering females, with females storing lipid to presumably enhance overwinter survival. However, this possibility seems tenuous as the environmental conditions used in this study mimicked long day length (14 h) and warm temperatures (27°C). Second, sterols perform several important functions in insects and are precursors for steroid hormones (Behmer 2017) . Absence of appropriate dietary sterols has been demonstrated to decrease reproductive output of a phloem feeing aphid (Bouvaine et al. 2012) . Accordingly, additional studies evaluating the effects of sterol content of cowpea, sunflower, and sorghum xylem sap may aid in explaining differences in egg maturation response of glassy-winged sharpshooter females to these host plants. Finally, reproductive maturity may be delayed until after females have dispersed (e.g., Min et al. 2004 ), a behavior which is not possible for caged insects. If some females require a dispersal period, high levels of stored lipid could be used to support flight (Rankin and Burchsted 1992) . Effects of dispersal on pre-oviposition period could be evaluated using flight mills or other apparatus that allows for simulated flight under laboratory conditions. Fig. 9 . Effects of egg production on dry weight (A) and lipid content (B) of glassy-winged sharpshooter bodies. To remove effects of test date and insect size on the response variable, partial residuals were obtained from a multiple regression that included eggs (carried + deposited), insect size, and test date as independent variables. Fig. 10 . Relationship between egg load and percentage of total weight that was egg (100*[egg load weight ÷ total weight]). (A) Relationship between egg load and percentage of total weight that was egg for females separated into four size categories: small (< 0.70), medium (≥0.70 and < 0.74), large (≥0.74 and < 0.79), and extra-large (≥0.79). Regression lines for each size category were small (y = −4.57 + 0.66x), medium (y = −2.42 + 0.51x), large (y = 1.00 + 0.42x), and extra-large (y = −0.51 + 0.44x). B) Relationship between egg load and percentage of total weight that was egg for females reared on cowpea, sunflower, and sorghum. Regression lines for each plant were: cowpea (y = 0.26 + 0.41x), sunflower (y = 0.21 + 0.47x), and sorghum (y = −5.80 + 0.68x).
